ABSTRACT -Objective: To search for right/left asymmetries in the dendritic trees of the neuronal populations and in the cell-free layer volumes of the human hipoccampal formation. Method: In necropsic material obtained from six male individuals we performed a quantitative Golgi study of the dendritic trees of dentate granules, CA3 and CA1 pyramidal neurons and a volumetric analysis of dentate gyrus molecular layer, strata oriens plus alveus and strata lacunosum-moleculare plus radiatum of CA3 and CA1 fields. Results: We found inter-hemispheric asymmetries in the dendrites trees of all neurons, reaching the significant level in the number of granule cells dendritic segments (higher in the left than in the right hemisphere), dendritic branching density of CA3 pyramidal cells and mean dendritic length of CA1 apical terminal segments (higher in the right than in the opposite side). No volumetric differences were observed. Conclusion: This study points to different anatomical patterns of connectivity in the hippocampal formations of both hemispheres which may underlie functional asymmetries.
The existence of anatomical inter-hemispheric asymmetries has since long been described in several regions of the normal human brain, mainly in those related to the processing of language functions [1] [2] [3] [4] . In effect, most studies addressing this issue were centered in the neocortex where right/left differences were observed in macroscopic features, such as the shape and confi guration of cerebral sulci and specific cortical areas, as well as in fi ne aspects of its architecture, namely the number, size and shape of neu-Hippocampal dendritic asymmetries Sá et al. rons, and the extent and spatial organization of their dendritic arborizations 3, [5] [6] [7] . Conversely, few anatomical studies were conducted in the archicortex, namely in the hippocampal formation [8] [9] [10] despite the clinical and image evidence of laterality in a number of functions related to the processing of specifi c memory tasks [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Actually, a few years ago, we reported the existence of right/left asymmetries in the morphology of the human hippocampal formation, in a stereological study focused on the cell-containing layers of the main hippocampal subdivisions 8 . Specifi cally, we have found that the right hippocampal formation contained 20% more granule cells and 14% more CA3-2 pyramidal neurons than the left, and that the volumes of the cell-containing layers and of their constituent neurons did not differ between the right and the left hippocampal formations 8 . The lack of parallelism between the right/left differences observed in the number of neurons and in the volumes of the hippocampal layers suggested the existence of interhemispheric differences in the components of the neuropil in the granular layer of the dentate gyrus and in the CA3-2 pyramidal cell layer.
Because there are descriptions of hemispheric differences in the length of the distal dendritic segments of CA1 pyramidal cells 10 , we decided to further investigate this subject by performing a quantitative study of the dendritic arborizations of the main neuronal populations of the human hippocampal formation, using Golgi impregnated material. Furthermore, we have estimated, using stereological methods, the volumes of the layers where the dendritic trees of the hippocampal formation neurons are located, such as the molecular layer of the dentate gyrus, the stratum oriens plus stratum alveus and the stratum lacunosum-moleculare plus stratum radiatum of the CA3 and CA1 hippocampal fi elds.
METHOD
Subjects -Brains from six male adult individuals, who died suddenly after traumatic accidents not involving the skull, were collected during autopsies performed at the Medical Legal Institute of Porto, as previously described 8, 21 . The average age was 32 years (range 23-49 years), the mean brain weight was 1426 g (range 1355-1670 g) and the mean postmortem delay was 33 h (range 24-37 h). None of the subjects had shown signs of neurological or psychiatric diseases prior to death neither medical records of alcohol or drug abuse.
Tissue processing -In each subject, the hippocampal formations of both hemispheres were dissected and fi xed in 4% paraformaldehyde for at least three months after the autopsy. Six right and six left hippocampal formations from the same subjects were analyzed. All the studies were focused on the subdivisions of the hippocampal formation where the constituents of the trisynaptic intrinsic circuit are located, that is, the dentate gyrus and the hippocampus proper 22 . After dissection, the material was identifi ed by a code number, so that the investigators were not aware of its provenience as regards the side. The hippocampal formations were embedded in a 7% agar solution and sliced in the coronal plane at regular intervals of 3.7 mm, thus originating 12-14 parallel coronal slabs per each hippocampal formation, as previously described 8, 21 . Before starting the histological processing for the stereological analysis, each slab was cut in the coronal plane into 2 slices, one 2 mmthick and the other 1.7 mm-thick, respectively in its anterior and posterior faces. Thus, 2 subsets of 12-14 parallel coronal slices from each hippocampal formation were obtained, which allowed the collection of material to perform simultaneously the stereological estimates of the volumes of the hippocampal layers and the study of the Golgi impregnated dendritic arborizations.
Blocks of tissue comprising the above-mentioned hippocampal subdivisions were collected from the 1.7 mm-thick slices and Golgi impregnated using a modifi cation of the rapid Golgi method 23 , as previously reported 24 . Briefl y, the blocks were fi xed during 5 days in a solution containing 0.2% osmium and 2.4% potassium dichromate in 100 mL of distilled water, and afterwards immersed for 24 h in the dark in a 3% solution of potassium dichromate. The specimens were then transferred into 0.75% silver nitrate and stored in the dark for 3 days, changed once to an equal solution and kept in the dark for a further 3 days. Afterwards, the blocks were briefl y immersed in absolute alcohol and terpineol, wrapped in a paraffi n wax shell and sliced in the coronal plane at a nominal thickness of 100 μm. The tissue slices were dehydrated, cleared in terpineol and mounted on slides under a synthetic resin (Caedax), without coverslip.
For the stereological study, the 2 mm-thick slices of each hippocampal formation were dehydrated through a graded series of ethanol solutions and embedded in glycolmethacrylate, and, from each embedded slab, one 50 μm-thick section was cut with a microtome. The sections were serially mounted and stained with a Giemsa solution modifi ed for use in glycolmethacrylate-embedded material 25 (Fig 1) .
Quantitative study of the Golgi-impregnated dendritic trees
Cell selection -The dendritic arborizations of the dentate granule cells and of the pyramidal cells of the CA3 and CA1 hippocampal fi elds (basal and apical domains) were analyzed. The morphological criteria employed for the selection of the neurons were similar to those described by De Ruiter and Uylings 26 : integrity and dark homogeneous impregnation throughout the extent of the dendrites, cell bodies located in the middle part of the section thickness to minimize the number of branch segments cut off at the plane of the section and relative isolation from other impregnated cells, blood vessels and silver deposits placed nearby. The existence of cut terminal segments on a neuron was not considered as a criterion for its exclusion from the estimations, because this type of elimination of neurons would have biased the sample toward smaller neurons 27 . Following these criteria, ten granule cells, eight CA3 pyramidal cells and eight CA1 pyramidal cells were selected from each case, both in the right and in the left hippocampal formations (Fig 2) .
Morphometric analysis -The dendritic arborizations of the selected neurons were traced by hand with the aid of a camera lucida, at fi nal magnifi cation of x450 for granule cells and x425 for pyramidal neurons. The parameters evaluated and the analyses performed, which were fairly similar to a prior study of our group 24 , included: Number of dendritic segments per cell: The dendritic segments were classifi ed in two major groups -terminal and intermediate segments 27 . The total number of segments per cell was calculated by summing up the number of terminal and of intermediate dendritic segments.
Metric analysis of dendritic segments: The individual length of the different types of segments was measured
Fig 2. Photomontages of Golgi impregnated neurons of the human hippocampal formation. (A) Granule neuron, in which the dendritic tree, the dendritic spines (arrowheads) and the axon (arrow) can be observed. Another granule neuron may be seen in its left side. (B) Pyramidal cell of the hippocampal CA3 fi eld where the basal (arrow) and the apical (double arrow) dendritic arborizations may be appreciated. The characteristic dendritic excrescences are noticeable (arrowhead). (C) CA1 pyramidal cell with basal (arrow) and apical (double arrow) dendritic trees. Scale bar, A=5 μm; B, C=10 μm.
Hippocampal dendritic asymmetries Sá et al. with the aid of a MOP-Videoplan, allowing the calculation of the total dendritic length after their respective sum. The total and the mean lengths of the terminal and of the intermediate segments were also obtained.
Dendritic branching density: The branching density of the dendritic trees was evaluated by applying a variant of the method of concentric circles 28 without correction for reducing the three-dimensional branching pattern to two dimensions 29 . The concentric circles were calibrated at intervals of 20 μm for the granule cells, 15 μm for the basal trees of the CA3 and CA1 neurons, and 30 μm for the apical domains of the CA3 and CA1 pyramids. The dendritic intersections at circle 15 beyond the cell body were included in the circle "equal or greater than 15".
Volume estimation -Volumes were estimated, based on the Principle of Cavalieri 30 , from all 50 μm-thick sections of each hippocampal formation. The estimates were independently obtained in the molecular layer of the dentate gyrus, and in the stratum oriens plus stratum alveus and stratum lacunosum-moleculare plus stratum radiatum of the CA3 and CA1 hippocampal fi elds (Fig 1) . For the sake of simplicity, these layers were collectively designated as cell-free layers, as we did elsewhere 21, 24 , because they contain relatively few neurons when compared to the layers where the cell bodies of the main neuronal populations of the hippocampal formation are located. The CA2 fi eld was included in the CA3 hippocampal subdivision. The boundaries of the layers were defi ned on the basis of their cytoarchitectonic organization 31, 32 and outlined with the help of a camera lucida attachment and a 3x objective lens, as previously described 21 . The area of the sectional profi les of each layer was estimated by point counting using a grid of test points in which the area per point, a(p), was 0.56 mm 2 for the molecular layer of the dentate gyrus, 0.27 mm 2 for the stratum oriens plus stratum alveus and stratum lacunosum-moleculare plus stratum radiatum of the CA3 fi eld, 0.56 mm 2 for the CA1 stratum oriens plus stratum alveus and 1.09 mm 2 for the CA1 stratum lacunosum-moleculare plus stratum radiatum. The volumes of the layers were then calculated from the total number of points that fell on each layer, ∑P, and the distance between the systematically sampled sections -t (3.7 mm) 30 . On average, the ∑P counted on the molecular layer of the dentate gyrus was 167, on the CA3-2 stratum oriens plus stratum alveus 251, on the CA3-2 stratum lacunosum-moleculare plus stratum radiatum 182, on the CA1 stratum oriens plus stratum alveus 218 and on the CA1 stratum lacunosummoleculare plus stratum radiatum 192.
The magnitude of the shrinkage/swelling induced by tissue processing was estimated as described in detail elsewhere [31] [32] [33] [34] . Because the tissue shrinkage factor (SF v ) was negligible (0.98), no correction of the volume estimates was performed.
Statistical analysis -The precision of the individual estimates of the volume of the layers, evaluated as the coefficient of error (CE), was obtained as a function of the "Nugget effect" and the variance due to the sampling between systematically random sampled sections 35 . The mean CE was calculated from the estimates for an individual using the relationship: Mean CE = √ mean CE 2 25 . The observed variance among individuals was estimated using the coeffi cient of variation (CV=S.D./mean). A paired Student´s t-test was performed to evaluate the effect of right/left side. Differences were considered to be signifi cant if p<0.05.
RESULTS
Qualitative observations -The observation of the hippocampal formations and of the sections selected for the stereological estimations showed that their morphology (Fig 1) , structural organization and interindividual variability were quite similar to the expected, considering a previous study 21 . As well, the quality of the Golgi impregnation of the hippocampal formations was good, allowing an easy identifi cation of the fi ne dendritic structures (Fig 2) , and the morphological characteristics of the dendritic arborizations of the different neuronal populations fi t the classical descriptions [36] [37] [38] [39] . Yet, the selection of complete dendritic arborizations in the pyramidal cells of the CA3 and CA1 fi elds was easier for the basal than for the apical trees, due to the length and larger incidence of incomplete branches in the latter, as we have previously reported 24 .
Quantitative results

Study of the dendritic arborizations:
Granule cells: Significant right/left differences were noticed in the total number of dendritic segments and in the number of terminal and intermediate segments, which were 14.3% (p<0.02), 12% (p<0.02), 17.1% (p<0.02), respectively, higher in the left than in the right hippocampal formations (Fig  3) . Conversely, no signifi cant differences were found between both hemispheres as regards the dendritic branching density and the dendritic extent, assessed by the total dendritic length and by the length of both the terminal and intermediate dendritic segments. Although no signifi cant right/left differences have been detected in the mean length of the terminals and intermediate segments, their values were 11.3% and 9.5% greater in the right than in the left side, respectively. CA3 pyramidal cells: The results obtained in the basal trees are shown in Figure 4 . No signifi cant differences were found between the right and the left sides concerning the total number of dendritic segments, and the number of terminal and intermediate segments, although those values were slightly higher in the right than in the left hippocampus. Concerning dendritic branching density, signifi cant differenc-Hippocampal dendritic asymmetries Sá et al. es were detected in the circles 8, 10 and 13 (p<0.03), since higher values were found in the right than in the left side. The metric analysis did not reveal signifi cant differences, even though the total dendritic length, the length of the terminal and intermediate segments and the mean length of the terminal and the intermediate segments were 13.8%, 14.2%, 12%, 10.5% and 8.1%, respectively, greater in the right than in the left side. With respect to the apical dendritic arborizations of the CA3 pyramids (Fig 5) , no signifi cant right/left differences were observed in the number of segments. The sole parameter displaying signifi cant differences was the dendritic branching density, whose values found in the circles 14 (p< 0.05) and 15 (p<0.03) were higher in the right than in the left side (p<0.05). The dendritic extent was similar in both sides, although the total dendritic length and the length of the terminal and intermediate segments were 17.6%, 18.4% and 17.4%, respectively, higher in the right than in the left side; in addition, the mean length of the terminal and intermediate segments was 13 .6% and 12%, respectively, greater in the right than in the left side. CA1 pyramidal cells: No significant differences were observed between both sides in the basal arborizations of these neurons (Fig 6) , despite the slightly higher values found in the right than in the left side in all, but one, of the evaluated parameters. In effect, the total number of dendritic segments, the dendritic branching density, the total dendritic length and the total length of the terminals were higher in the right than in the left hemisphere, whereas the 8, p<0.04, 10, p<0 .05, and 13,
Symbols represent the mean and vertical lines one standard deviation. (A) Total number of segments per cell (p<0.02). (B) Number of terminal (T) (p<0.02) and intermediate (I) (p<0.02) segments. (C) Density of dendritic branching. (D) Total dendritic length. (E) Total length of terminal (T) and intermediate (I) segments. (F) Mean length of terminal (T) and intermediate (I) segments. Fig 4. Graphic representation of the morphometric data obtained from the basal arborizations of the CA3 pyramidal cells in the right (o) and the left hippocampal formations (•). Symbols represent the mean and vertical lines one standard deviation. (A) Total number of segments per cell. (B)
Number of terminal (T) and intermediate (I) segments. (C) Density of dendritic branching (circles
p<0.03). (D) Total dendritic length. (E) Total length of terminal (T) and intermediate (I) segments. (F) Mean length of terminal (T) and intermediate (I) segments.
Hippocampal dendritic asymmetries Sá et al. 
Number of terminal (T) and intermediate (I) segments. (C) Density of dendritic branching (circles 14, p<0.05, and 15, p<0.03). (D) Total dendritic length. (E) Total length of terminal (T) and intermediate (I) segments. (F) Mean length of terminal (T) and intermediate (I) segments. Fig 6. Graphic representation of the morphometric data obtained from the basal arborizations of the CA1 pyramidal cells in in the right (o) and the left hippocampal formations (•). Symbols represent the mean and vertical lines one standard deviation. (A) Total number of segments per cell. (B)
Number of terminal (T) and intermediate (I) segments. (C) Density of dendritic branching. (D) Total dendritic length. (E) Total length of terminal (T) and intermediate (I) segments. (F) Mean length of terminal (T) and intermediate (I) segments.
Number of terminal (T) and intermediate (I) segments. (C) Density of dendritic branching. (D) Total dendritic length. (E) Total length of terminal (T) and intermediate (I) segments. (F) Mean length of terminal (T) (P < 0.03) and intermediate (I) segments.
Hippocampal dendritic asymmetries Sá et al. mean length of the intermediate segments was slightly higher in the left than in the right side. Conversely, several dendritic parameters studied in the apical trees of the CA1 pyramids (Fig 7) presented larger values in the left than in the right hippocampus -total number of segments, number of terminal and intermediate segments, extent of the intermediate segments -but none of these differences reached the signifi cant level. In contrast, the total dendritic extent and the length of the terminal segments displayed higher values in the right than in the opposite side, but only the right/left differences in mean length of the terminal segments reached the signifi cant level (11.2%, p<0.03). The dendritic branching density did not signifi cantly differ between both groups.
Volumetric study of the cell-free layers of the hippocampal formation -The results obtained in this study are shown in Table. Dentate gyrus: No signifi cant differences were observed in the volume of the molecular layer of the dentate gyrus between both hemispheres, although its mean value was 8.3% higher in the right than in the left side.
CA3 hippocampal fi eld: The volumes of the CA3 stratum oriens plus stratum alveus and stratum lacunosum-moleculare plus stratum radiatum were 8.9% and 11.4% greater in the right than in the opposite side, respectively. However, none of these differences reached the signifi cant level.
CA1 hippocampal fi eld: The mean volumes of the CA1 stratum oriens plus stratum alveus and the stratum lacunosum-moleculare plus stratum radiatum were quite similar in both hemispheres.
DISCUSSION
In this study we present evidence for the existence of right/left asymmetries in the dendritic trees of the main neuronal populations of the human hippocampal formation, i.e., the granule cells of the dentate gyrus and the pyramidal cells of the CA3 and CA1 hippocampal fi elds. However, no signifi cant interhemispheric differences were noticed in the volumes of the hippocampal layers that contain the dendritic arborizations of those neurons.
With respect to the granule cells, the existence of a higher number of dendritic segments in the left side, when compared to the opposite one, nicely fi ts the slightly greater mean nuclear volume previously found in the granule cells located in the left dentate gyrus 8 . That fi nding is in accordance with the hemispheric asymmetries recently described in the human entorhinal cortex, a brain region that projects to the hippocampal formation, where leftward size predominance was found 40 . Besides, as the left dentate gyrus contains fewer granule cells than the right one 8 , we may hypothesize that the higher number of dendritic segments that we found in the left side might somewhat compensate for this difference. On the other hand, the absence of significant right/left asymmetries in the dendritic extent and branching pattern of the granule cell dendritic arborizations parallels the lack of inter-hemispheric asymmetries in the volumes of the dentate gyrus molecular layer, and of the granule cell layer itself that we have previously reported 8 . Curiously, the variations found in the just mentioned parameters were all of the same type, with slightly higher values in the right than in the left dentate gyrus 8 . Thus, as a whole, and taking into account the previous stereological study 8 , we may summarize the right/left asymmetries found in the dentate gyrus as follows: in the left side, granule cells have more dendritic segments and somewhat larger nuclei; in the opposite side, the molecular and the granular layers have fairly higher volumes, and there are more granule cells, which, in turn, have slightly longer dendritic trees.
With respect to the CA3 hippocampal fi eld, we found that all dendritic parameters assessed both in the basal and in the apical arborizations of the py- ramidal cells had higher values in the right than in the opposite hemisphere. This asymmetry might be ascribed to the larger size of the mossy fi ber system in the right dentate gyrus, expected on the basis of the presence of signifi cantly more granule cells in this hemisphere than in the left 8 and of a one-way unidirectional projections in this brain region 41 . In addition, the inter-hemispheric differences in the dendritic extent and branching pattern of the whole CA3 pyramidal cell dendritic trees are in agreement with the results obtained in the volumes of the CA3 cellfree layers, where we have observed slightly higher values in the right than in the left side. As well, these fi ndings may also be correlated to the slightly larger volume of the CA3 pyramidal cell layer and to the signifi cantly higher number of its constituent neurons in the right hippocampal formation compared to the left one, that we have previously described 8 . Even being aware that signifi cant right/left asymmetries were only detected in the dendritic branching density of the distal portions of the basal and apical dendritic trees of CA3 pyramidal cells, the target of the commissural fi bers and of the perforant pathway, respectively, we found it useful to highlight the main characteristics of CA3 fi eld in each side. Thus, and assembling the prior stereological study 8 , we may advance that the right CA3 hippocampal fi eld has a slightly larger volume and contains more pyramidal cells that display larger dendritic trees than the corresponding fi eld of the opposite hemisphere.
As regards the CA1 pyramidal cells, the absence of right/left asymmetries in the architecture of their basal dendritic trees does not fi t the study of Barrera et al. 10 in which it was found that the distal total dendritic length of the CA1 basal arborizations was larger in the left than in the right hemisphere. This discrepancy may be due in part to differences in the composition of the samples analyzed in both studies, since our subjects were, on average, 20 years younger than the male individuals studied by Barrera et al. 10 .
On the contrary, we noticed that the values of most parameters assessed in the basal dendritic trees of the CA1 pyramidal cells were slightly higher in the right than in the left side. These results may be in part related to the greater number of Schaffer collaterals originating from the CA3 pyramidal cells of the right hemisphere, as the number of these neurons is significantly higher than in the opposite side 8 . In effect, the Schaffer collaterals establish synapses in the stratum radiatum and also in the stratum oriens of the CA1 fi eld, where the basal arborizations are located 42 . In addition, the mean length of the terminal segments of the apical dendritic trees was signifi cantly larger in the right than in the left side, and this was the sole parameter that showed important inter-hemispheric variations in the CA1 pyramidal cells. Thus, we recognize that the structural organization of the dendritic trees of the CA1 pyramidal cells is quite similar in both hemispheres, which is in accordance with the presence of similar neuronal numbers and neuronal size 8 , as well as with the analogous volumes found in the cell-free layers in this hippocampal subdivision of both hemispheres. Even so, we underline that in the CA1 hippocampal fi eld of the right hemisphere there are slightly more neurons of smaller size 8 , that display longer dendritic segments and more basal, but less apical, dendritic segments, than in the left side.
Therefore, the existence of right/left differences in the dendritic arborizations of the neuronal populations of the main subdivisions of the human hippocampal formation suggests that the morphology of its excitatory trisynaptic circuit is different in both hemispheres, which might fi nally lead to functional asymmetries. Actually, as regards the fi rst synapse, the dendritic trees of the granule cells were somewhat more developed in the left than in the right dentate gyrus. This is interesting in view of the increasing evidence that the dentate gyrus is involved in the early processing of the information 43 and that the left hippocampal formation is implicated in verbal memory tasks 20 . Conversely, the pyramidal cells of the CA3 and CA1 hippocampal fi elds, which are regions of the hippocampal circuitry involved in the later processing of the information, displayed higher values in the right hemisphere, in most of the evaluated dendritic parameters. Yet, the right hippocampus has been classically associated with the processing of the visual memory 11 . In addition, we have reasons to believe that the components of the second synapse, that is, the mossy fi bers and the apical dendritic trees of the CA3 pyramidal cells, as well as the constituents of third synapse of the circuit, i.e. the Schaffer collaterals and the CA1 apical dendritic segments, are morphologically enriched in the right hemisphere. However, as the granule cells of the left side display more dendritic segments than in the right, which suggests that they have a larger receptor surface, one may speculate that our fi ndings give strength to our previous assumption that the organization of the neural circuits that include the hippocampal formation is more complex in the left than in the right hemisphere 8 .
In conclusion, this study presents evidence for the existence of different anatomical patterns in the connectivity of the hippocampal formation in both hemi-Hippocampal dendritic asymmetries Sá et al. spheres, which may underlie right/left asymmetries in its functional activity. In addition, it provides a morphological substrate for the clinical evidence of laterality in this brain region, namely in those functions related to the processing of specifi c memory tasks.
